Antibodies against hexon, the major coat protein of adenovirus (Ad), are an important component of the neutralizing activity in serum from naturally infected humans and experimentally infected animals. The mechanisms by which antihexon antibodies neutralize the virus have not been defined. As a model system, murine monoclonal antibodies raised against Ad type 5 (Ad5) were screened for antihexon binding and neutralization activity; one monoclonal antibody, designated 9C12, was selected for further characterization. The minimum ratio of 9C12 to Ad5 required for neutralization was 240 antibody molecules per virus particle, or 1 antibody per hexon trimer. Analysis of antibody-virus complexes by dynamic light scattering and negativestain electron microscopy (EM) showed that the virus particles were coated with electron-dense material but not aggregated at neutralizing ratios. Cryo-EM image reconstruction of the antibody-virus complex showed that the surface of the virus particle was covered by a meshwork of 9C12 antibody density, consistent with bivalent binding at multiple sites. Confocal analysis revealed that viral attachment, cell entry, and intracellular transport to the nuclear periphery still occur in the presence of neutralizing levels of 9C12. A model is presented for neutralization of Ad by an antihexon antibody in which the hexon capsid is cross-linked by antibodies, thus preventing virus uncoating and nuclear entry of viral DNA.
Infection by adenovirus (Ad) elicits a strong antibody (Ab) response against viral proteins, both in humans and in experimental animals (12, 24, 32, 33) . Neutralizing Ab (NAb) responses to Ad are directed at components of the virion surface, primarily against fiber, penton base, and hexon (24, 33) . Fiber and penton base proteins, present at the vertices of the capsid, are involved in cell attachment and entry (4, 5, 27, 35, 45) . Hexon, the major component of the icosahedral virus particle, comprises the facets of the virion and constitutes the bulk of the icosahedral capsid.
NAb responses to Ads of subgroup C, including Ad type 2 (Ad2) and Ad5, have been characterized extensively. Polyclonal and monoclonal antifiber NAbs have been shown to block binding of the Ad5 fiber knob to its cellular attachment receptor, the coxsackievirus-Ad receptor (13, 15, 53) . Polyclonal and monoclonal antifiber NAbs have also been shown to aggregate virions by cross-linking fibers on separate virus particles (13) (14) (15) . NAbs against the penton base have been demonstrated in serum (24, 33) . Epitope mapping of antipenton base NAbs by phage display showed that most of the antipenton base NAbs were directed against a variety of epitopes, in addition to the integrin-binding RGD motif (24) . In contrast to the antifiber Abs, no antipenton base monoclonal antibodies (MAbs) have been identified that recapitulate the neutralizing activity associated with polyclonal antipenton base NAbs (23) .
One antipenton base MAb specific for the integrin-binding RGD peptide loop was found to be neutralizing only in the Fab fragment form and not as an intact immunmoglobulin G (IgG) (43) . A cryo-electron microscopy (cryo-EM) study of the Ad: Fab complex suggested that epitope mobility, together with steric hindrance from the Ad fiber and a few bound IgG molecules, likely prevents binding of IgG to all five RGD sites on the penton base, thus precluding neutralization. In contrast to IgG molecules, the neutralizing Fab fragments are narrower and may bind to all five RGD sites simultaneously, thus neutralizing the virus by blocking the interaction with ␣v integrins and preventing virus internalization.
Antihexon NAbs are a major component of the neutralizing activity in humans and in experimentally infected mice (24, 33, 50) . Antihexon NAbs have been described previously (46, 49, 52, 53) that allow virus internalization without concomitant virus-mediated gene expression; however, the mechanisms by which antihexon NAbs neutralize the virus have not been clearly defined. Work by Luftig and Weihing in 1975 (28) suggested that hexon was involved in intracellular transport of the virus particle to the nucleus. Upon entry of Ad into the cytoplasm, hexon has been shown to associate with HSP70 and HSC70 during migration of the capsid to the nucleus (30, 37) . Both HSC70 and HSP70 play roles in vesicle recycling and protein transport consistent with their reported interactions with hexon (29, 55) . Following entry, the virus capsid, containing hexon and penton base, remains largely intact and protects the viral DNA until the particle docks at the nuclear pore (19) . Recently, uncoating of the Ad capsid at the nuclear periphery has been studied and shown to require interactions between hexon, CAN/NUP214, histone H1, and histone H1-associated import factors (18, 47) .
To characterize the mechanism of antihexon Ab neutralization, we studied the interaction of a mouse monoclonal anti-hexon NAb, 9C12, with wild-type Ad5 and an Ad5-green fluorescent protein (GFP) reporter vector. We analyzed the effect of 9C12 Ab binding on virus attachment, entry, and intracellular transport. The data showed that 9C12 remains bound to Ad5 following internalization and that the virus-Ab complex accumulates complexes accumulate at the nuclear periphery in a manner analogous to that of nonneutralized Ad5. Cryo-EM reconstruction of the Ad5-9C12 complex showed that the capsid is coated by a meshwork of bivalently bound Ab molecules. Together, these results suggest that the critical neutralization event likely occurs at the nuclear periphery and involves blocking of virus uncoating, either by physically impeding capsid dissociation or by preventing essential interactions between the Ad capsid and elements of the nuclear import machinery.
MATERIALS AND METHODS
Ab isolation and purification. MAbs were generated as described previously (3) with Ad5 as the immunogen. Hybridoma cell lines expressing and screened by enzyme-linked immunosorbent assay with purified hexon protein. The MAbs were cultured, and the resultant Abs were then further screened for binding to hexon by Western blot analysis. One Ab from the fusion, 9C12, was selected based on its ability to neutralize Ad5. A second Ab, 27F11, was selected as an isotype-matched nonneutralizing control Ab. Hybridomas 9C12 and 27F11 were cultured, and the Abs were purified by protein G-agarose column purification (QED Biosciences, Inc., San Diego, Calif.).
Western blot analysis. Recombinant Ad5 (rAd5) (10 7 particles) was lysed in sodium dodecyl sulfate (SDS) sample buffer, half of the samples were heated to 65°C for 10 min, and then all samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on a precast 1.5-mm NUPage bis-Tris gel with 4 to 12% acrylamide (Invitrogen, Carlsbad, Calif.) and transferred to a polyvinylidene difluoride membrane. The Abs were all diluted in TBST (0.15 M NaCl, 0.01 M Tris-HCl [pH 7.4], 0.05% Tween 20) (Sigma, St. Louis, Mo.) as follows: 9C12 and 27F11 Abs were diluted to a concentration of 0.4 mg/ml, rabbit anti-Ad5 purified IgG was diluted 1:500 (Access Biomedical, San Diego, Calif.), rabbit anti-mouse kappa Ab (Rockland, Gilbertsville, Pa.) was diluted 1:500, and the horseradish peroxidase-conjugated goat anti-rabbit Ab was diluted 1:5,000 (Amersham Biosciences Corp., Piscataway, N.J.). Western blots were analyzed by enhanced chemiluminescence with the SuperSignal kit (Pierce Biotechnology, Inc., Rockford, Ill.).
Immunoprecipitation of Ad5. rAd5 (2 ϫ 10 9 particles) was diluted in FAK buffer (50 mM HEPES, 1% Triton X-100, 20 mM Tris-Cl [pH 7.5], 50 mM NaCl, 2.5 mM EDTA) and mixed with 2.5 g of purified Ab. The concentration of rAd5 particles was determined as described previously (40) and calculated by the American Type Culture Collection Ad5 reference standard (25) . The Ad and Ab mixtures were mixed by inversion for 1 h at 4°C. Protein G-agarose beads were added to each Ad5-Ab mixture and mixed as described above. The beads were centrifuged and washed repeatedly in FAK buffer. The bound Ab and virus were eluted by the addition of SDS-PAGE loading buffer supplemented with ␤-mercaptoethanol. Samples were analyzed by Western blotting with a rabbit anti-Ad5 polyclonal Ab as described below.
Neutralization assay. Neutralization of Ad-mediated gene expression was assayed by a previously described in vitro neutralization assay (33) . In brief, Ab was serially diluted, mixed with a fixed amount of a replication-defective Ad vector expressing GFP (rAdGFP) (4.8 ϫ 10 7 particles) (51) in each well of a 96-well plate, and incubated at 37°C for 1 h. The mixture was then transferred to wells containing 1 ϫ 10 4 HeLa cells/well. The cells were incubated with the Ad-containing mixture for a period of no less than 18 h. Fluorescence at 488 nm was assayed with a CytoFluor series 4000 reader (Applied Biosystems, Foster City, Calif.) following excitation at 405 nm. Each sample was analyzed in triplicate. Titration curves were plotted with the mean values and standard deviations from triplicate samples.
Photon correlation spectroscopy. Ad aggregation was monitored with the N4 Plus (Beckman Coulter, Inc., Hialeah, Fla.). Ad was diluted in Dulbecco's phosphate-buffered saline (PBS) to a final concentration of 2.5 ϫ 10 10 particles/ml, and light-scattering measurements were acquired at 90°for 340 s at 20°C with the multimodal industry standard CONTIN algorithm. All samples of virus were assayed prior to the addition of Ab to ensure that a uniform monodispersed peak was detected. The virus was subsequently incubated with Ab at neutralizing levels for 1 h at 37°C. The samples were assayed at 20°C for their ability to shift the monodispersed peak or generate additional peaks. For Ad5 bound by 9C12 anti-mouse IgG1, Ab was added, incubated for 1 h at 37°C, and then assayed as described previously. To control for nonspecific changes in apparent particle size after the addition of Ab, each experiment was repeated with 25 l of a calibration solution that contained sufficient inert latex beads of approximately 100 nm (catalogue no. 6602336; Beckman Coulter, Inc.) to recapitulate the signal intensity generated by the Ad particles.
EM. Ad or Ad/Ab complexes were spotted on carbon-Formvar-coated copper grids briefly prerinsed in chloroform (catalogue no. 01821; Ted Pella, Redding, Calif.). The samples were allowed to bind for 10 min, then excess liquid was wicked away, and the samples were briefly air dried. Samples were stained in 4% uranyl acetate and observed with an electron microscope (JOEL 120 EX-II or Philips CM10).
Cryo-EM. Wild-type Ad5 (1.5 ϫ 10 11 particles/ml in 1ϫ PBS with 0.75% sucrose) was incubated at room temperature with 9C12 for 20 min at a ratio of 720 Ab molecules per virus particle, equivalent to 1 Ab molecule per hexon monomer. Cryo-EM sample grids of the Ad5-9C12 complex were prepared immediately after the incubation period.
Frozen hydrated specimen grids were made with carbon grids with holes as described previously (1) . Briefly, 3 l of either the Ad5 or the Ad5-9C12 suspension was applied to a glow-discharged carbon film with holes supported on a 400-mesh copper grid. The grid was allowed to dry briefly, and then an additional 3-l aliquot of sample was applied. Excess solution was blotted off, and the grid was plunged into ethane slush chilled by liquid nitrogen. The frozen sample grid was then either transferred to a Gatan 626 cryoholder and maintained at liquid nitrogen temperature during image collection or stored under liquid nitrogen for future use. An FEI/Philips CM120 (120 kV, LaB6 filament) transmission EM (TEM) with cryoaccessories was used for the microscopy. Digital cryo-EMs were recorded with a Gatan slow-scan charge-coupled device camera (1,024 by 1,024 by 1,024 pixels; YAG scintillator). Images of Ad5 and the Ad5-9C12 complex were taken with a range of underfocus values (Ϫ1.5, Ϫ1.0, and Ϫ0.7 m) under low-dose conditions (Ͻ20 electrons/Å 2 ) and at a nominal magnification of ϫ45,000. Calibration with a catalase crystal indicates that this magnification yields a pixel size of 0.41 nm on the molecular scale.
Image processing and three-dimensional reconstruction. Selection of particle images into individual 320-by 320-pixel fields was done interactively with the QVIEW program (41) . Subsequent image processing was performed with the IMAGIC-5 software package (48) . The initial orientation of each particle image was determined with defined projections of a preexisting Ad5 reconstruction (10) . After the first round of refinement, the reconstruction obtained in the previous round was first masked to select the icosahedral capsid and then used as a search model. The particle images collected at various underfocus values were combined after correction for the contrast transfer function of the microscope (9) . Icosahedral symmetry was imposed throughout the refinement process. The final three-dimensional reconstructions of Ad5 and the Ad5-9C12 MAb complex were calculated from 579 and 671 particle images, respectively. The resolution of the icosahedral capsid and bound MAb density were assessed by the Fourier shell correlation method using the 0.5 threshold criterion (31) . For the purpose of the resolution assessment, inner and outer soft Gaussian masks were applied so that the resolution of the icosahedral portion of the structures could be assessed independently from the rest of the density map (42) . The final resolutions of the Ad5 and Ad5-9C12 MAb reconstructions were calculated to be 2.4 and 2.1 nm, respectively; both density maps are shown filtered to these resolutions.
To separate the bound MAb density from that of Ad5 in the Ad5-9C12 reconstruction, two approaches were tried. A difference map was calculated by subtracting the Ad5 reconstruction from that of Ad5-9C12. Also, the MAb density in the complex reconstruction was selected by applying an inner and outer spherical mask (using radii of 45 and 49 nm). Both approaches yielded essentially the same MAb density with equivalent major bivalent binding combinations. All of the image processing and graphical analysis was performed on HP/Compaq/Digital Equipment Corporation alpha workstations running Tru64 Unix. Isosurface density representations, as well as atomic coordinate C␣ polygon representations, were generated with the AVS visualization package (Advanced Visual Systems, Inc., Waltham, Mass.).
Docking of atomic coordinates into cryo-EM density. The crystallographic coordinates of the Ad5 hexon (Protein Data Bank [PDB] code 1P30) (36) were docked into the reconstructed Ad5 cryo-EM density with the CoLoRes search tool in the Situs 2.0 software package (8) . To save computational time, oneeighth of the Ad5 reconstruction was used as the density input. Docked coordinates were found for one copy of each of the four independent hexons in the capsid, and then icosahedral symmetry was applied to generate a full capsid of hexons. superimposing the Ad5 reconstruction with the density generated from the calculated capsid of hexons filtered to the same resolution (2.4 nm). The CoLoRes search tool was also tested for docking the crystallographic coordinates of IgG1 (PDB code 1IGY) (21) into the reconstructed MAb density. However, presumably because of differences in the IgG hinge angle as well as distortions in one of the two Fab arms in the cryo-EM density, better results were obtained by manual docking with the AVS visualization package. The crystal structures of several other IgGs were also fit within the cryo-EM MAb density: 1AD9 (2), 1GGI (34), 1GIG (6), and 1HZH (38) . However, IgG1 (1IGY) gave the best visual fit and it is also the only one which is of the same IgG class (1) as 9C12.
Preparation of Cy3B-labeled Ad. rAdGFP (6.2ϫ 10 11 particles) was diluted to 900 l in PBS, and the pH was adjusted with 50 l of 1 M sodium carbonate buffer to a pH of 9.3. Cy3B dye (Amersham Biosciences) was solubilized in 200 l of dimethyl sulfoxide, and 20 l of the solubilized dye was added to the diluted virus and mixed by inversion. The labeling reaction was carried out for 30 min at room temperature according to the manufacturer's instructions. A total of 100 l of 1 M glycine in PBS was added to neutralize any free unreacted dye, and the reaction mixture was incubated for an additional 10 min at room temperature.
A Slide-A-Lyzer 10K dialysis cassette (Pierce Biotechnology, Inc.) was used to adjust the pH of the Cy3B-rAdGFP to a pH of 7.4 with several changes of 500 ml of vPBS (3% sucrose, 2 mM MgCl 2 , 1ϫ PBS) at 4°C over 16 h. The Cy3B-rAdGFP virus was then removed from the dialysis chamber, and aliquots were saved for particle analysis and infectivity comparisons with unlabeled rAd-GFP. All Cy3B-rAdGFP virus was assayed in the neutralization assay to confirm that infectivity was maintained following labeling and that Ab neutralization occurred over a concentration range similar to that of unlabeled virus.
Confocal microscopy. HeLa cells were grown on 18-mm glass coverslips in 12-well dishes. Cy3B-rAdGFP (1.5 ϫ 10 10 particles in 300 l of medium) was incubated at 37°C in medium with or without 9C12 Ab for 1 h. The cells were cooled on a wet ice bath for 20 min, and the medium was removed immediately prior to the addition of Cy3B-rAdGFP or Cy3B-rAdGFP neutralized with 9C12. Virus was added to the coverslips, incubated on ice for 1 h, and then rinsed with three 1-ml washes of PBS. Cells were either fixed in 300 l of 4% formalin in dPBS for 20 min on an orbital shaker at room temperature or transferred to 12-well dishes containing 2 ml of fresh complete medium at 37°C and incubated at 37°C for 1 h overnight before the cells were washed and fixed. Fixed cells were neutralized with 500 l of 0.1 M glycine in PBS for 5 min and then stored at 4°C in PBS for immunofluorescent staining. Cells were blocked for 1 h at room temperature in 2ϫ PBS block (PBS containing 2% bovine serum albumin, 300 g of normal goat serum/ml, and 0.2% Triton X-100). Triton X-100 was omitted from the blocking solution for studies of unpermeabilized cells. Alexa Fluor 488-rabbit anti-mouse IgG1 (Molecular Probes, Eugene, Oreg.) was diluted 1:500 in 1:1 block to PBS. Each well received 300 l of diluted Ab that was allowed to bind for 1 h at room temperature with gentle shaking in the dark. The wells were then rinsed with wash buffer (0.1% Triton X-100 in PBS). PBS without detergent was used for studies of unpermeabilized cells. Cells were rinsed with 1:1 PBS block and 300 l of 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (1 g/ml) was added to each well for 5 min. Coverslips were rinsed in PBS, air dried, and then mounted on glass slides with VectaShield (Vector Laboratories, Burlingame, Calif.). Cells were imaged with the CARV spinning disk confocal system (ATTO Biosciences, Rockville, Md.) and mounted on an Olympus TE-2000 inverted microscope (Olympus Optical, Tokyo, Japan) with a tetramethyl rhodamine isocyanate (TRITC) filter (excitation, 555 nm; emission, 605 nm), a fluorescein isothiocyanate (FITC) filter (excitation, 484 nm; emission, 517 nm), and a DAPI filter (excitation, 395 nm; emission, 457 nm). Confocal fluorescent images were captured starting at the surface of the coverslip and extending to the highest portion of cells within the field of view. Optical planes of either 0.4 or 0.8 m above the coverslip were chosen for quantitative image analysis to include both the maximum cytoplasmic area and a cross-section of the nucleus. Brightfield images were captured with differential interference contrast (DIC) imaging. Images were captured, analyzed, and overlaid using the MetaMorph 6.02 Imaging System (Universal Imaging, Downingtown, Pa.). MetaMorph software was used to quantify fluorescent signals per cell area, with samples of 20 to 22 cells for each treatment group. Quantification of fluorescent signals in nuclear and cytoplasmic regions was performed on individual optical sections (z sections). The MetaMorph region tool was used to manually outline both the outer edge of the cell based on the DIC image and the periphery of the nucleus with the DAPI image. Fluorescent signals were quantified in two cell areas: one area consisted of the nucleus plus nuclear periphery, and the second area consisted of the cytoplasm plus the border of the plasma membrane included in the 0.4-m-thick plane of the z section. The graphing and statistical analysis package in GraphPad Prism, version 4.0 (San Diego, Calif.), was used to analyze the quantified fluorescence data. Results were expressed as mean and standard error. One-sided t tests were used for analysis of statistical significance.
RESULTS

MAb 9C12 binds hexon and neutralizes virus particles.
Mouse MAbs raised against Ad5 were screened for binding to the virion protein hexon and for virus neutralization. Two IgG1 Abs from a single hybridoma fusion, designated 9C12 and 27F11, were selected for purification and characterization. As shown in Fig. 1A , both 9C12 and 27F11 specifically bound to hexon protein from Ad5 particles denatured with 1% SDS in a Western blot assay, but this Ab reactivity was abolished when the SDS-disrupted viral particles were heated to 65°C for 10 min prior to electrophoresis. Although SDS treatment results in disruption of the Ad5 particle, the hexon trimers released by SDS are resistant to complete denaturation unless heated (16); unheated hexon trimers migrated at Ն200 kDa, whereas heatdenatured hexon monomers migrated at 110 kDa. The reactivity of affinity-purified anti-Ad polyclonal Abs against heated and unheated SDS-disrupted virions is shown for comparison. The Western blot results suggested that both 9C12 and 27F11 bind to conformation-specific epitopes on Ad5 hexons.
To determine whether 9C12 or 27F11 bound to intact virus particles, a pulldown-immunoblotting assay was developed to distinguish binding to intact virus from dissociated proteins. The MAbs were allowed to bind to Ad5, and then the resulting immune complexes were pulled down with protein G-agarose beads. Bound proteins were eluted from washed beads as described in Materials and Methods and then subjected to SDS-PAGE and Western blotting. A mouse polyclonal anti-Ad5 antiserum served as a positive control in the pulldown step. Rabbit polyclonal antiserum against Ad5 was used in the Western blot step as a probe for Ad proteins. As shown in Fig. 1B , a pulldown assay with 9C12 resulted in detection of multiple virion proteins, suggesting that 9C12-bound hexon associated with intact virus particles. The relative abundance of viral protein pulled down by 9C12 was analogous to that expected from intact virus particles (Fig. 1A) , while the polyclonal Ab yielded significantly less of the minor 60-and 28-kDa viral proteins. The 27F11 pulldown assay yielded only a faint hexon band, presumably due to a small amount of dissociated hexon in the virus preparation. The results shown in Fig. 1 suggest that 9C12 bound to a conformation-dependent epitope on the surface of the Ad particle and that 27F11, despite also binding to hexon, likely bound an epitope that was not accessible on the exposed surface of intact Ad particles. The ability of 9C12 to neutralize Ad was analyzed with rAdGFP (33) . As shown in Fig. 2 , 9C12 neutralization of rAdGFP generated a titration curve that demonstrated a rapid reduction in neutralization over 5 twofold serial dilutions. Interestingly, 9C12 Ab reduced rAdGFP fluorescence by Ն95%, but a residual GFP signal remained detectable, even at 10-foldhigher Ab concentrations (data not shown). The residual signal was reproducible, and the difference from baseline fluorescence was statistically significant. In contrast, treatment with anti-Ad5 polyclonal Ab resulted in 100% inhibition of GFP expression, which could be titrated out over 8 twofold serial dilutions. The control antihexon MAb 27F11 did not neutralize rAdGFP at any concentration tested. Quantitative data from the titration experiment was used to calculate the minimum ratio required for maximum virus neutralization by 9C12. It was calculated from the concentration of purified 9C12 Ab and purified rAdGFP particles, which was found to be 240 Ab molecules per virus particle, equivalent to one Ab per hexon trimer. Interestingly, neutralization of rAdGFP was also tested with the Fab fragment of 9C12 (data not shown) and did not neutralize rAdGFP, even at a 100-fold molar excess of Fab compared to intact Ab at 95% neutralization. The observation that only the intact form of 9C12 can neutralize suggests that bivalent binding might be required for neutralization.
9C12 does not aggregate virus particles. Photon correlation spectroscopy was used to determine the particle size of Ad5-9C12 complexes in solution and to determine if virion aggregation was the mechanism of 9C12 neutralization. As shown in Fig. 3A , measurement of untreated Ad5 in solution gives a mean particle diameter of ϳ130 nm. The addition of 9C12 to Ad5 does not appreciably alter the size of Ad5 (Fig. 3A) . To confirm binding of 9C12 to Ad5, an affinity-purified rabbit Ab against mouse heavy-chain Ig was added (Fig. 3B) . The addition of anti-heavy-chain Abs shifted the apparent particle diameter of a portion of the Ad5-9C12 complexes from ϳ130 nm to Ͼ1,000 nm, suggesting aggregation of Ad5-9C12 complexes and confirming that 9C12 did bind to Ad5. Addition of rabbit anti-mouse Ig alone to Ad5 did not shift the apparent particle diameter of Ad5 (data not shown).
A solution of 9C12 without Ad5 was tested and shown to not form large particles following the addition of the anti-mouse heavy-chain Ab (data not shown). A shift in particle size was also produced by the addition of affinity-purified rabbit polyclonal anti-Ad5 IgGs to Ad5 (Fig. 3C) , confirming that the polyclonal anti-Ad5 could aggregate Ad5. To confirm that the increase in particle diameter observed in Fig. 3B and C was dependent on Ab interactions involving Ad5, 100-nm latex beads were substituted for Ad5, and the measurements were repeated. The particle diameter of the beads was not altered by polyclonal anti-Ad5 (Fig. 3D) , by 9C12 alone (data not shown), or by 9C12 in combination with anti-heavy-chain Ab (data not shown).
To confirm the photon correlation spectroscopy data, negatively stained Ad5 and Ad5-Ab complexes were imaged by TEM. The negative-stain TEM analysis demonstrated that the samples of Ad5 alone (Fig. 4A ) and Ad5 complexed with 9C12 at a neutralizing ratio (Fig. 4B) did not show aggregation. The appearance of some pairs of particles (Fig. 4B) suggests that 9C12 may have caused dimerization of Ad5. Since sample drying for TEM studies can produce particle aggregation, the apparent dimers observed in the results shown in Fig. 4B may be artifacts of sample preparation. This interpretation is supported by the photon correlation spectroscopy data for particles in solution (Fig. 3) , which did not show a shift in the Ad5 peak in the presence of 9C12.
The sample of Ad5 complexed with polyclonal anti-Ad5 IgGs displayed significant aggregation (Fig. 4C) . Note that unlike the Ad5 and Ad5-9C12 grids, the Ad5-polyclonal antiAd5 IgG grids were largely devoid of virus except for that contained within the large aggregates. Interestingly, binding of the uranyl acetate to the viral capsid appeared to be greatly diminished in those particles that were incubated with 9C12 (Fig. 4B) , suggesting that access to the capsid surface was diminished.
Cryo-EM analysis of the Ad5-9C12 complex shows Ab coating of the virus. Cryo-EM and three-dimensional image reconstruction were performed to visualize the interaction of 9C12 with Ad5. Cryo-EM images of the Ad5-9C12 complex at ratios of one to five IgG molecules per hexon monomer showed well-separated, nonaggregating virions, supporting the photon jvi.asm.org correlation spectroscopy and negative-stain TEM results. The density of 9C12 bound to the peripentonal hexons was as strong as the density of the reconstructed icosahedral viral capsid, indicating that Ab occupancy is nearly 100% at these positions. Comparison of cryo-EM images of the Ad5-9C12 complex with those of Ad5 alone revealed that 9C12 coats the virus with a layer of extra density approximately 10 nm thick (data not shown), in agreement with the minor shift observed in the photon correlation spectroscopy experiment. The Abcoating effect was also observed in the three-dimensional reconstruction of the Ad5-9C12 complex (Fig. 5A) . The reconstructed Ad5 virion appeared to be covered with a mesh of Ab density over the entire capsid except within the vicinity of the pentons at the icosahedral fivefold symmetry axes (Fig. 5) . Superposition of a reconstruction of Ad5 with that of the Ad5-9C12 complex revealed no detectable conformational change in the virion upon Ab binding. The cryo-EM structure of the Ad5-9C12 complex indicated that the integrin-binding RGD protrusions of the penton base are not blocked by the Ab.
Clear evidence of bivalent binding was observed for 9C12 between the five peripentonal hexons, which surround the penton (Fig. 5B) . In this region, Ab density was observed to bridge adjacent hexons. We interpret this density bridge to be due to the two Fab arms of one IgG molecule. Given the segmental flexibility of IgG molecules (20, 39) , it is not surprising that the Fc fragment density was not reconstructed. Some noisy density was observed in the vicinity expected for the Fc fragment, but this noisy, disconnected density has been removed for clarity in the figures. The 10-nm density layer observed in the cryo-EMs (data not shown) can be explained by the bound Fab arms (3 nm) plus the unreconstructed Fc regions (ϳ7 nm in height) extending further from the viral surface.
Modeling of the interaction between 9C12 and the Ad5 hexon. Closer examination of the Ab density bridging two peripentonal hexons revealed one well-shaped Fab arm and one somewhat distorted Fab arm (Fig. 6A and B) . The wellshaped Fab arm has a prototypical diamond shape that agrees well with the characteristic shape of crystallographic Fab structures. To model the interaction between 9C12 and the Ad5 hexon capsid, both the Ab density and Ad5 hexon density were fit with atomic coordinates. The crystallographic coordinates for an Ab of the same class as 9C12, the intact murine IgG1 (MAb 61.1.3; PDB code 1IGY) (21), was used for interactive fitting into the well-defined diamond-shaped Ab density. One Fab arm of the murine IgG1 molecule was found to fit reasonably well, given the moderate resolution (2.1 nm) of the cryo-EM density ( Fig. 6C and D) . The other more-distorted arm of Ab density has a small density tail that extends to a third hexon. Since the reconstructed density represents the average of a population of particles, the density tail can be interpreted as a minor alternate binding site for one of the two Fab arms of the IgG molecule. It appears that the well-shaped Fab arm was bound to a unique site within the asymmetric unit of the virus, as this position has no nearby alternate binding sites for 9C12. If there were a hexon at the icosahedral fivefold axis rather than a penton base, then this Fab arm might have an alternate binding site. No attempt was made to adjust the hinge angle of the crystallographic IgG1 coordinates; however, it was clear that the angle between the long axes of the Fab fragments was significantly more acute than the 115°reported for the uncomplexed IgG1 (21) . Thus, it appears that bivalent binding of 9C12 was facilitated by the inherent segmental flexibility of IgG molecules. The Ad5 hexon coordinates (PDB code 1P30) (36) were positioned within the Ad5 capsid density with the CoLoRes search tool in the Situs package (8) . The distinctive triangular tops of the crystallographic hexon fit well within the cryo-EM density, as had been found in a previous Ad difference-mapping study (44) . Each hexon tower is formed by three loops (DE1, FG1, and FG2), with one loop from each of the three hexon monomers in the molecular trimer. Fitting of the atomic hexon coordinates into the cryo-EM density indicates that residues from both loops DE1 and FG1 are likely to form the 9C12 epitope, while loop FG2 is too far away to be involved (Fig. 6E) .
Modeling of the Ad5 hexon coordinates within the Ad5 cryo-EM density provided a convenient way to measure the distances between bivalently bound epitopes on the viral surface. Approximate distances were measured between bivalently bound hexon epitopes using the calculated capsid of hexons and considering the midpoint between hexon residues 178 and 179 in the DE1 loop as the center of the epitope. Visual inspection of the docked Ad5 hexon coordinates in the peripentonal hexon positions together with the strongest cryo-EM 9C12 density indicated that these two residues are close to the center of the epitope region. The distance spanned between epitopes on two peripentonal hexons (Fig. 6 ) is 6.9 nm, which is within the range reported in the literature for bivalent Ab binding (6 to 15 nm) (22, 26) . When considering the minor alternate binding site for one Fab arm, the distance spanned by the Ab is 8.0 nm (Fig. 6) . However, in this case the angular orientation of the two epitopes appears to be less favorable for bivalent binding.
The rest of the Ab density encapsulating the virion appeared more like a mesh of interconnections than discrete density bridges connecting pairs of epitopes. We interpret the meshlike density to be the spatial average of many alternate bivalent binding combinations for 9C12 on the surface of the Ad5 capsid. Two specific bivalent binding combinations can be discerned within the mesh-like density. These binding combinations are diagrammed in Fig. 7 , along with the major and minor alternate binding combinations of the IgG bound to the peripentonal hexons described above. The distances between the epitopes that appear to be bivalently connected within the mesh-like density are 11.4 and 11.7 nm. These distances are within the range reported for bivalent binding of Abs. They are also approximately the same distance as the span observed in the crystallographic IgG1 structure between the two complementarity-determining region H3 loops (11.8 nm) (21, 39) . Given the extreme flexibility observed in crystal structures of intact human and mouse Abs (39) , it seems likely that 9C12 can adapt its conformation to bind epitopes spaced by various distances (in the range of 6.9 to 11.7 nm) on the viral surface. Additional bivalent binding combinations probably occur with lower occupancy values; however, these are not as well represented in the reconstruction.
As diagrammed in Fig. 7 , the cryo-EM reconstruction indicates that there are at least three intact Abs bound per asymmetric unit of the viral capsid. Given that we cannot completely interpret the mesh-like Ab density, we suspect that the actual number is closer to four intact Abs per asymmetric unit. The Ad asymmetric unit is composed of four hexon trimers. Hence, one Ab molecule per hexon trimer is sufficient to create the observed meshwork of Ab molecules covering the capsid. This ratio deduced from the cryo-EM reconstruction is consistent with our neutralization assay finding of a minimum of one Ab per hexon trimer for neutralization. A ratio of one Ab per hexon trimer is equivalent to two Fab arms per three hexon towers, which leaves some hexon towers unbound as is observed in the cryo-EM density. Nevertheless, this ratio is sufficient to link every hexon trimer with two neighboring hexons via two bound Fab arms from two distinct Abs. Although simple numeric calculation suggests that 120 Ab molecules would be sufficient to bind bivalently to the 240 hexons in the virus particle, consideration of the geometrical constraints for interaction of Ab molecules with the hexon capsid leads to the prediction that 1 Ab per hexon trimer would be required for neutralization via a hexon cross-linking mechanism. A lower ratio of Abs per hexon trimer would mean that some hexons would only be joined to a single neighboring hexon, thus creating pairs of linked hexons but not the full "locked-tight" effect of a complete meshwork of Abs. A higher ratio of Abs per hexon trimer could be accommodated, but it would have no increased cross-linking effect.
It is important to note that all of the observed bivalent binding combinations are between epitopes on different hexon trimers. The geometric arrangement of the three epitopes presented on a single hexon trimer appears to preclude bivalent binding of a single Ab to a single hexon trimer. The cryo-EM reconstruction of the Ad5-9C12 complex indicates that the 9C12 Ab effectively cross-links the hexon capsid by creating multiple bridges between hexons.
9C12 binding does not prevent virus attachment and internalization. The effect of 9C12 neutralization on virus attachment and entry was analyzed by confocal microscopy with Cy3B-labeled rAdGFP to visualize virus particles (red fluores- cence). 9C12-Cy3B-rAdGFP complexes were prepared by incubation at 37°C in medium for 1 h prior to addition to cells. Attachment of virus or virus-Ab complexes to HeLa cells was analyzed following incubation in the cold (0°C; 1 h); virus entry was analyzed after the coverslips were warmed to 37°C and incubated for 1 h. Following incubation, cells were fixed in formalin, followed by permeabilization with Triton X-100 unless otherwise specified. Alexa Fluor 488 anti-mouse IgG (green fluorescence) was used to visualize 9C12; colocalized Cy3B and Alexa Fluor 488, indicating 9C12-Cy3B-rAdGFP complexes, appeared as yellow signals in the merged confocal micrographs. Detergent permeabilization was omitted in some experiments prior to the addition of the Alexa Fluor antimouse Ab. Omission of the detergent permeabilization step allowed visualization of surface-accessible 9C12-Cy3B-rAdGFP complexes as yellow signals and internalized 9C12-Cy3B-rAdGFP as red signals. A single z section was used for each analysis to allow visualization and quantification of the two-dimensional distribution of fluorescent signal within different areas of the cell. After the cold attachment step, the confocal images showed that essentially all Cy3B-rAdGFP was in complexes containing 9C12 and that nearly all of these complexes remained on the cell surface ( Fig. 8A and B) . The merged fluorescent image from a single z section is shown in Fig. 8A. In Fig. 8B , the z-section image was overlaid on a DIC image to show the distribution of fluorescence relative to each cell in the field.
Most of the yellow signal (from colocalized 9C12-Cy3B-rAdGFP) was distributed toward the periphery of the cells where the plane of the z section passed through the cell membrane, indicating that 9C12 binding to Cy3B-rAdGFP did not interfere with virus attachment to the cell. Detergent treatment prior to addition of the Alexa Fluor anti-mouse Ab did not affect the pattern of fluorescence following the attachment step (data not shown). This is in agreement with the accepted notion that little viral cell entry will occur during the cold attachment period. The confocal observation of viral cell attachment even in the presence of 9C12 is consistent with the cryo-EM results indicating that 9C12 did not obstruct the receptor binding domains of penton base and fiber.
After the entry step (37°C; 1-h incubation) and in the absence of detergent permeabilization, the confocal images showed that most of the 9C12-Cy3B-rAdGFP complexes were inaccessible to the Alexa Fluor 488 anti-mouse Ab. Under these experimental conditions, internalized virus-Ab complexes will have only red Cy3B fluorescence (Fig. 8C and D) . Most of the red fluorescent signals were observed in the cytoplasmic and perinuclear regions of the z section, whereas the yellow signals (colocalized red plus green signals) indicating surface-accessible 9C12-Cy3B-rAdGFP complexes were distributed toward the outer edges of the cell. In contrast, when detergent permeabilization was used, nearly complete colocalization of 9C12 and Cy3B-rAdGFP was observed (yellow sig- nals) (Fig. 8E and F) . This indicates that the intracellular Cy3-rAdGFP (red) remained complexed with 9C12 (green).
The amount of Cy3B fluorescence per area, a measure of Cy3B-rAdGFP in each z section, was quantified for the cytoplasm-plus-plasma membrane border of each z section from fixed, detergent-permeabilized cells, with samples of 20 to 22 cells for each treatment and time point. Statistical analysis showed that neither attachment nor entry of 9C12-Cy3B-rAdGFP was significantly reduced compared to untreated Cy3B-rAdGFP, although lower mean values for 9C12-Cy3B-rAdGFP at both steps suggested a possible trend (Fig. 8G) . The mean signal for both Cy3B-rAdGFP and 9C12-Cy3B-rAdGFP increased approximately twofold from the attachment step to the entry step; in each case, the difference was statistically significant (P Ͻ 0.004 and P Ͻ 0.002, respectively). This supports the idea that appreciable viral cell entry does occur even in the presence of 9C12.
9C12-complexed Ad5 migrates to the nucleus. We also quantified the Cy3B fluorescence in the region of each z section corresponding to the nucleus and nuclear periphery as a measure of intracellular transport of Cy3B-rAdGFP and 9C12-Cy3B-rAdGFP. As shown in Fig. 9A , relatively little Cy3B fluorescence was detected in the nucleus and nuclear periphery following the 0°C attachment step. The amount of fluorescence in the nucleus and perinucleus increased approximately 40-fold following incubation at 37°C for 1 h for both untreated virus and 9C12-complexed virus, indicating that significant intracellular transport occurred. Comparing fluorescence after the attachment and entry steps showed that mean values increased 43 fold for untreated Cy3B-rAdGFP (P Ͻ 0.005) and 37 fold for 9C12-Cy3B-rAdGFP (P Ͻ 0.0025). The mean nuclearplus-perinuclear fluorescence per area for 9C12-Cy3B-rAdGFP was lower than that for Cy3B-rAdGFP at the attachment step, but this difference was not statistically significant (P Ͼ 0.05). After the entry step, the reduction in the mean fluorescence value for 9C12-Cy3B-rAdGFP compared to untreated Cy3B-rAdGFP reached statistical significance (P Ͻ 0.02). Although the perinuclear signal for 9C12-Cy3B-rAdGFP was significantly reduced (ϳ60%) compared to that for untreated rAdGFP, 9C12 Ab neutralized Ն95% of GFP expression from Cy3B-rAdGFP at the same Ab:virus ratio used in the confocal experiment (data not shown). This suggests that the difference in nuclear-plus-perinuclear signal cannot fully account for the difference in GFP expression.
The 37-fold increase in the nuclear-plus-perinuclear Cy3B signal for 9C12-Cy3B-rAdGFP indicated that large numbers of complexes were transported to the nucleus and nuclear periphery. Analysis of the nuclear region from serial z sections of detergent permeabilized cells showed that 9C12-Cy3B-rAdGFP complexes could be observed at the nuclear periphery as yellow signals in the merged red and green fluorescent images shown in Fig. 9B . These data indicated that neutralization of Cy3B-rAdGFP by 9C12 did not prevent intracellular virus transport to the outside of the nucleus. Together with the cryo-EM reconstruction of the Ad5-9C12 complex, these results suggest a model for neutralization of Ad by an antihexon Ab in which the hexon capsid is cross-linked by Abs, thus preventing virus uncoating and nuclear entry of viral DNA.
DISCUSSION
Ab-mediated neutralization of Ad has been studied for several decades. The mechanisms associated with antifiber and antipenton base Ab-mediated neutralization have been previously described (23, 43, 52, 53) ; however, a clear mechanism for neutralization by antihexon Abs has been lacking. In this study, we present the first structural evidence that neutralization of Ad by an antihexon Ab is mediated by coating of the viral capsid and blocking of a postentry step during infection.
The prevalence of antihexon Ab-mediated neutralization has been reported for polyclonal antihexon Abs as both the major neutralizing component of anti-Ad antisera (54) as well as a very minor contributor to neutralization (17, 24) . Considering the large proportion of the capsid surface occupied by hexon, it seems likely that hexon would be a prevalent antigen. We appear to be the first to provide structural data in support of a mechanism for antihexon Ab neutralization of Ad5 by a single Ab species. The 9C12 Ab specifically recognizes hexon and binds an epitope accessible on the surface of the virion. The cryo-EM reconstruction of the Ad5-9C12 complex indi- cates that the epitope is likely comprised of two hexon loops, the DE1 and FG1 loops, from separate hexon monomers within a trimer. This description of the epitope is consistent with the Western blot data demonstrating epitope stability in the presence of SDS, which is known to disrupt the capsid without disrupting the hexon trimer (16) , and the observed sensitivity of the epitope to heat denaturation, which is known to convert hexon trimers to monomers (11, 16) . The epitopes for other antihexon Abs have also been mapped to surface locations (46) , suggesting that the coating mechanism we describe for 9C12-mediated neutralization of Ad5 may be a general mechanism for other antihexon Abs.
The cryo-EM reconstruction of the Ad5-9C12 complex clearly depicts the viral capsid coated with largely bivalently bound Abs. The cryo-EM findings are consistent with the lack of aggregation observed by TEM of negatively stained samples and by solution dynamic light-scattering experiments. Bivalent binding of 9C12 Abs to the capsid is likely to limit the ability of 9C12 to cross-link adjacent virions. Steric hindrance generated by fiber proteins on adjacent virions would also make the close contact required for aggregation by an antihexon Ab unlikely. Interestingly, aggregation was consistently observed in both TEM and in solution dynamic light-scattering experiments when polyclonal anti-Ad5 sera or purified IgGs were tested. A recent study demonstrated that anti-Ad sera typically contain a high percentage of antifiber Abs (24) , which are probably the main cause of the observed aggregation. Clearly aggregation is a common mechanism of virus neutralization, but our results indicate that it is not a factor contributing to neutralization by the antihexon Ab 9C12.
The minimum ratio required for maximal neutralization was 240 Ab molecules per virus particle, equivalent to 1 9C12 Ab per hexon timer. This ratio represents two Fab arms for every three epitopes on hexon, suggesting that not every epitope on hexon monomers would be bound. When 9C12 was incubated with Ad5 at supraneutralizing ratios, the maximum level of neutralization plateaued at 95%. Cryo-EMs of supraneutralizing levels of 9C12 bound to Ad5 showed the viral particles covered by a dense coat of Ab obscuring the virion and suggesting that higher levels of Ab occupancy could be achieved without increased neutralization. The ϳ5% persistent gene expression seen in 9C12-neutralized rAdGFP might be explained by transient release of the Abs from the coated viral surface.
Neutralization of other nonenveloped viruses has been described to occur via an Ab-coating mechanism; however, in those cases Abs blocked virus binding to receptors at the cell surface (7). In contrast, Ad5 neutralization by the 9C12 antihexon Ab occurs at the nuclear periphery. Our results indicate that the mechanism of neutralization by 9C12 is either stabilization of the capsid by interhexon cross-linking, which prevents release of the Ad genome at the nuclear envelope, or obstruction of specific interactions with cellular proteins required for import of the viral genome into the nucleus of the host cell.
In conclusion, we propose that neutralization of Ad by antihexon Abs requires bivalent binding to the exterior surface of the virion and that this binding need not achieve 100% occupancy of all epitopes. Ab coating of the viral capsid may provide a physical barrier between the viral surface and cellular proteins that participate in capsid interactions with the nucleus. Alternatively, the Ab cross-linking of the capsid surface may prevent uncoating of the virion at the nuclear periphery. Since the mechanism of neutralization of Ad5 by the antihexon Ab 9C12 does not appear to be based on unique structural features of Ad5, the mechanisms proposed are likely broadly applicable to Ad's in general. These studies provide experimental evidence that Abs are capable of neutralizing Ad's at a postentry step.
